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Abstract—This paper proposes a load-balancing framework for
emergency guiding based on wireless sensor networks. We design
a load-balancing guiding scheme and derive an analytical model
in order to reduce the total evacuation time of indoor people. The
guiding scheme can provide the fastest path to an exit for people
based on the evacuation time estimated by the analytical model.
This is the first distributed solution which takes the corridor
capacity and length, exit capacity, concurrent move, and people
distribution into consideration for estimating evacuation time
and planning escape paths. Through the proposed framework,
the congestion of certain corridors and exits can be released
to significantly reduce the total evacuation time. Analytical and
simulation results show that our approach outperforms existing
works, which can prevent people from following the local optimal
guiding direction with the longer evacuation time in total. We also
implement a prototype, called Load-balancing Emergency Guiding
System (LEGS), which can compare evacuation time and guiding
directions of existing schemes and ours under different people
distribution.

Keywords-emergency guiding; home security; load balancing;
pervasive computing; wireless sensor network

I. INTRODUCTION

The recent progress of wireless communications and embed-
ded microelectromechanical systems (MEMS) technologies
has made wireless sensor networks (WSNs) more attractive.
Many WSN applications have been studied, such as vehicle
security and tracking [1], cooperative collision avoidance [2],
and emergency guiding and monitoring [3], [4].

In this work, we study the load-balancing issues to support
emergency guiding for people evacuation through WSNs. Most
existing works can not truly achieve the load-balancing goal
because the critical factors for total evacuation time of indoor
people, such as corridor capacity and length, exit capacity,
concurrent move, and people distribution, are not considered
together as planning escape paths.

We propose a load-balancing framework for emergency
guiding in a 2D indoor environment that aims to guide people
to safe places as soon as possible when emergencies happen.
At normal time, the network is responsible for monitoring
the environment in idle mode. When emergency events are
detected, all sensors switch to active mode to deal with these
events. In addition, the network can adaptively modify its
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topology to ensure transmission reliability. Our framework can
quickly identify hazardous regions (within a certain distance
from emergency locations) that should be avoided and find the
fastest escape path that can lead people to exits in the shortest
time.

In our framework, each sensor is assigned an altitude which
can be seen as a degree of danger based on our previous
works [3], [4]. Sensors near the exits will be assigned smaller
altitudes, whereas sensors near the emergency locations will be
assigned higher altitudes. The escape paths to exits are along
sensors with higher altitudes to those with lower altitudes.
Initially, each sensor is assigned an altitude according to
its distance to the nearest exit. When emergency situations
happen, sensors within a certain distance from emergency
locations will form hazardous regions by raising their altitudes.
After the above step, local-minimum sensors have to re-
compute their altitudes to find ways out. The link reversal
concept in temporally ordered routing algorithm (TORA) [5]
is used to solve this problem. In particular, for quick conver-
gence, we use the variation of neighboring sensors’ altitudes to
increase a local-minimum sensor’s altitude. After the algorithm
converges as all sensors finds their ways out, each exit will
form an emergency guiding tree rooted by itself.

In order to further reduce the total evacuation time of indoor
people in [3], [4], we design a load-balancing guiding scheme
and derive an analytical model, which the guiding scheme
can provide the fastest path to an exit for people based on
the evacuation time estimated by the analytical model. To the
best of our knowledge, this is the first distributed solution
which takes the corridor capacity and length, exit capacity,
concurrent move, and people distribution into consideration
for estimating evacuation time and planning escape paths. In
particular, the proposed framework can prevent people from
following the local optimal guiding direction with the longer
evacuation time in total.

Tab. I compares the functions provided by existing schemes
(discussed in Section I-A) and ours. Our framework offers the
most efficient solution for load-balancing emergency guiding.
The contributions of our framework are four-fold. First, it
takes the corridor capacity and length, exit capacity, and
people distribution into account for selecting escape directions.
Second, we propose a way to model the concurrent move of
people during evacuation to determine the congestion in the
escape path to an exit. Third, it predicts the evacuation time
from each sensor to an exit under concurrent people moving,
thus capable of planning the fastest path to an exit. Finally,



TABLE I: Comparison of prior works [3], [4], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15], [16], [17], [18] and our
load-balancing framework.

distributed distance capacity load concurrent move evacuation time
features guiding awareness awareness balancing modeling prediction
reference [3], [4], [12], [13], [14], [15], [16]

√ √
reference [6], [7], [8]

√
reference [9]

√ √
reference [10], [11]

√ √ √
reference [17]

√ √ √
reference [18]

√ √ √ √
our framework

√ √ √ √ √ √

the proposed framework can reselect guiding directions based
on the estimated time to all exits so that the total evacuation
time for all people can be reduced significantly. Extensive
performance studies are conducted and the simulation results
show that our framework can achieve better escape efficiency
and shorter evacuation time compared with existing results.
In addition, we implement a prototype, called Load-balancing
Emergency Guiding System (LEGS), which can compare evac-
uation time and guiding directions of existing schemes and our
approach under different people distribution.

The rest of this paper is organized as follows. Section II
defines our load-balancing problem for emergency guiding.
Section III describes our framework to solve this problem.
Simulation results are presented in Section IV. Section V
shows our prototyping results. Section VI concludes the paper.

A. Related Works

Several centralized solutions have been proposed for emer-
gency guiding [6], [7], [8], [9], [10], [11]. Reference [6]
deploys a large number of active RFID tags in a building
for indoor localization. People use personal digital assistants
(PDAs) connected by RFID readers via Compact Flash inter-
faces for emergency guiding. However, reference [6] guides
people to the nearest exit without taking people distribution
and load balancing into account. Thus, there may be serious
congestion in the nearest exit due to uneven people distribution
and unbalanced emergency guiding. In addition to a large
number of active RFID tags, reference [7] deploys a few Blue-
tooth devices in a building for indoor positioning. Similarly,
people distribution and load balancing are not considered in
[7]. People are always guided to the nearest exit so that the
total evacuation time may become longer due to congested
exits.

In references [8] and [9], emergency evacuation planning
will vary from time to time because spaces and corridors
will become unavailable due to hazard spread. [8] introduces
a dynamic model to find the safest/shortest path for the fire
emergency evacuation problem. But it assumes that the number
of people to evacuate will not exceed the corridor capacities
and there is only one exit node for simplicity. [9] proposes
a flow-based heuristic framework for real-time evacuation
guidance of pedestrians during emergency, which provides
high-safety escape paths far away from hazardous regions.
However, similar to [8], it only considers a single exit during
evacuation so that it does not take evacuation load of each exit
into consideration in escape path planning.

Reference [10] considers that visual and auditory informa-
tion channels might be unavailable or overwhelmed due to
infrastructure breakdown or limited perception in situations
of stress and panic. A navigation device called LifeBelt
is designed using the vibro-tactile guidance technology to
give individuals directions. The Predicted Exit Time (PET)
proposed in [10] is calculated based on three parameters: (i)
the time to reach an exit, (ii) the exit capacity, and (iii) the
current number of individuals at an exit. However, it does
not consider the possible congestion caused by concurrent
people moving and uneven people distribution so that PET
may become longer as people are closer to the exit.

Reference [11] takes pedestrian congestion and rescue force
flexibility into account and uses a directed graph to model
the emergency regions. By considering Human’s movements
as network flows and calculating the maximum flow and
minimum cut on the graph, the algorithm in [11] focuses on
navigating firemen to eliminate key dangerous areas instead
of finding the fastest path to an exit without rescue force yet.

On the other hand, distributed solutions for emergency
guiding have been proposed in [3], [4], [12], [13], [14],
[15], [16], [17], [18]. Reference [12] focuses on finding an
escape path from each sensor to the exit without passing any
emergency point. Although the algorithm in [12] is shown to
be able to find a shorter and safer path from each sensor to
the exit, it has no concept of load balancing for multiple exits.
With shortest-path routing, this algorithm may guide people to
a congested exit that makes the total evacuation time longer,
which is also occurred in [3], [4], [13], [14], [15], [16].

Reference [17] aims to avoid congestion during emergency
evacuation by guiding moving objects to multiple exits among
multiple corridors. However, it only considers the load of each
corridor without taking the corridor capacity into account.
In other words, it just distributes moving objects on each
corridor instead of each exit, and congestion still occurs at
some corridors due to different corridor capacities.

To solve the congestion problem in [17], reference [18]
proposes a distributed flow-based guiding protocol for indoor
environments to evacuate mobile objects from dangerous areas
to an exit. To construct less congested paths, it assigns each
sensor in the network an artificial potential value determined
by the moving speed of object on a corridor, the distances
to exits, and the capacity of exits, and objects are directed
to corridors with higher potential values. However, [18] still
encounters the local optimal guiding problem that may select



an escape path with the faster moving speed currently but
slower later.

II. SYSTEM DESIGN

Fig. 1 shows the system architecture of indoor emergency
guiding. Sensor nodes (i.e., black and white circles) are
deployed in a 2D indoor environment. These sensors form a
multi-hop ad hoc network. One node serves as the sink of the
network, and it is connected to the control host, which issue
commands and config the network. To support emergency
guiding services, sensors are classified as normal sensors (i.e.,
white circles), exit sensors (i.e., black circles), and boundary
sensors (i.e., nodes with one or more neighboring sensors
belonging to different emergency guiding trees). We will show
how to find the fastest escape path leading to an exit as
detecting an emergency event, whereas the detail for how to
construct an initial guiding tree (i.e., shortest path tree) rooted
by an exit, to prevent people from crossing hazardous region,
and to quickly report the status in the sensing field to the
outside world can be found in our previous works [3], [4].

Our design focuses on finding escape paths with evacuation
time as short as possible, which the guiding service is triggered
by emergency events. We distinguish routing paths for packets
from escape paths for people. By overhearing wireless signals,
a sensor can form wireless links with its neighbors. Depending
on how the plane is partitioned, a sensor could form navigation
links (e.g., corridors) with its neighbors. Since a wireless link
does not necessarily imply a navigation link due to radio’s
penetration effects, the navigation links are manually defined
during deployment.

In our system, the algorithm of emergency guiding is run
as detecting an emergency event, and it will be rerun if the
dangerous event is detected outside the hazardous region.
Assume that all people follow the guiding directions during
emergency evacuation. We formulate the load-balancing prob-
lem for emergency guiding as follows. The 2D indoor plane is
represented by an undirected graph G = (V,E), where V is
the set of all sensors and E is the set of all corridors. Each exit
has its own capacity, and each corridor has its own capacity
and length. Each sensor knows the capacity and length of each
corridor, the capacity of each exit, and its own location in the
2D plane. In addition, the number of people near a sensor
will be detected by RFID or image recognition technology
and reported to the sink periodically by each sensor. The goal
is to minimize the total evacuation time for all people in G
by addressing the following issues:

1. Escape Direction Selection: How should the escape
direction be selected as emergencies happen, to ensure
that indoor people can evacuate along the fastest path to
an exit?

2. Concurrent Move Modeling: How should the concurrent
move be modeled as people evacuate, to ensure that
the congestion in each escape path to an exit can be
determined?

3. Evacuation Time Prediction: How should the evacuation
time be predicted as escape paths are decided, to ensure

Fig. 1: System architecture of indoor emergency guiding.

that the escape time from each sensor to an exit for
people can be estimated accurately?

4. Load-balancing Guiding: How should a portion of peo-
ple near a congested exit be guided to another exit as
the predicted time to exits are unbalanced, to ensure that
the total evacuation time can be minimized?

III. LOAD-BALANCING FRAMEWORK

The proposed framework is described in this section. A
load-balancing guiding scheme is proposed in Section III-A.
A analytical model that aims to estimate the evacuation time
is derived in Section III-B.

A. Load-Balancing Guiding

To guide people to an exit with the shortest escape time,
sensor nodes will reselect guiding directions based on the
escape time to different exits estimated by the analytical model
proposed in Section III-B. As detecting an emergency event,
all boundary sensors will execute the following steps:

Step 1: For each initial guiding tree TI without hazardous
region RH, boundary sensors will calculate the evacuation time
Texit of TI according to the proposed analytical model in
Section III-B. For each TI with RH, the sensors and corridors
inside RH will be removed first. Then, the sensors (outside
RH) losing their parent sensors (inside RH) will guide people
to an exit through the shortest path so that a new guiding
tree TN is formed. For calculating Texit of TN, there are two
possibilities as follows:

a) If there is an exit inside RH, all people inside RH will be
guided to the exit inside RH through the shortest path.
Texit of TN can be estimated by the proposed analytical
model in Section III-B.

b) If there is no exit inside RH, the sensor detecting the
emergency event and its corridors will be removed,
and all other sensors inside RH will guide people to
the sensors outside RH through the shortest path so
that a new guiding tree TS is formed. Texit of TS

can be estimated by the proposed analytical model in
Section III-B.

Step 2: The total evacuation time Ttotal is decided by
the emergency guiding tree TMAX with the longest Texit.
After Texit of all emergency guiding trees are estimated by
boundary sensors, boundary sensor i in TMAX will reset its



guiding direction to the neighboring guiding tree TMIN with
the shortest Texit and recalculate Texit of TMAX and TMIN. If
Ttotal decreases, i will notify its neighboring sensors b(i) in
TMAX that b(i) become boundary sensors.

Assume that TMAX has m boundary sensors between TMAX

and TMIN, where boundary sensor nj is sorted in decreasing
order by the number of people in nj , for j = 1, 2, . . . ,m. The
procedures of load-balancing guiding between TMAX and TMIN

are as follows:

1) First, n1 calculates Texit of TMAX and TMIN after re-
moving and adding n1, respectively. If Ttotal decreases,
n1 will reset its guiding direction to TMIN and notify its
neighboring sensors b(n1) in TMAX that b(n1) become
boundary sensors.

2) Second, n2 calculates Texit of TMAX and TMIN after
removing and adding n1 + n2, respectively. If Ttotal

decreases, n2 will reset its guiding direction to TMIN

and notify its neighboring sensors b(n2) in TMAX that
b(n2) become boundary sensors.

3) Similarly, nm calculates Texit of TMAX and TMIN after
removing and adding n1 +n2 + . . . + nm, respectively.
If Ttotal decreases, nm will reset its guiding direction to
TMIN and notify its neighboring sensors b(nm) in TMAX

that b(nm) become boundary sensors.
4) Finally, new boundary sensors b(n1), b(n2), . . . , and

b(nm) will repeat Step 2 to determine whether they
should reset their guiding directions to TMIN or not.

Step 3: Assume that there are N emergency guiding trees in
G. The load-balancing procedures under different numbers of
emergency guiding trees are discussed in the following cases:

a) As N = 2, the total load-balancing guiding can be
finished by Step 2.

b) As N = 3, the load-balancing guiding of Step 2 will be
first done between the emergency guiding tree T1 with
the longest Texit and its neighboring guiding tree T2

with the shortest Texit. Then, the total load-balancing
guiding can be finished by Step 2 between T1 +T2 and
the third emergency guiding tree T3.

c) As N = 4, the load-balancing guiding of Step 2 will
be first done between the emergency guiding tree T1

with the longest Texit and its neighboring guiding tree
T2 with the shortest Texit. At the same time, the load-
balancing guiding of Step 2 will be done between the
remaining guiding trees T3 and T4. Then, the total load-
balancing guiding can be finished by Step 2 between
T1 + T2 and T3 + T4.

d) As N ≥ 5, similarly, Steps 2 and 3 can be repeated to
finish the total load-balancing guiding.

B. Evacuation Time Analysis

Given an emergency guiding tree TG rooted by an exit
sensor, we derive its total evacuation time considering the
corridor capacity and length, exit capacity, concurrent move,
and people distribution. Assume that there are n sensors in TG

and sensor 1 is the root. sensor 2, sensor 3, . . . , and sensor n

are sorted in increasing order by their distances to sensor 1.
Below, we first introduce some notations for sensor i, its parent
sensor p(i), and its child sensors c(i) in TG, for i = 1, 2, . . . , n:

• Ti: the time to evacuate from i for the last person.
• Di: the time to move from i to p(i).
• Ni: the number of people in i as emergencies happen.
• Ci: the corridor capacity from i to p(i).
• T j

c(i): the time to evacuate from i’s child j for the last
person.

• Dj
c(i): the time to move from i’s child j to i.

• N j
c(i): the number of people in i’s child j as emergencies

happen.
• Cj

c(i): the corridor capacity from i’s child j to i.

Assume that there are m child sensors in c(i). We calculate
the evacuation time Ti of the subtree TG(i) rooted by i for the
last person. The estimation of Ti can be classified as follows
according to whether there is congestion (i.e., the number of
people arriving at the same time is larger than the corridor/exit
capacities) in i as the last person in TG(i) evacuates from i:

Case 1: There is no congestion in i as the last person in
TG(i) evacuates from i. The evacuation time Ti is the sum of
the time to evacuate from c(i) for the last person and the time
to move from i to p(i). So

Ti = maxj∈c(i)(T
j
c(i)) +Di.

Case 2: There is certain congestion in i as the last person
in TG(i) evacuates from i. First, all sensors j in c(i) are sorted
in increasing order by Dj

c(i), for j = 1, 2, . . . ,m, such that
D1

c(i) ≤ D2
c(i) ≤ · · · ≤ Dm

c(i). Second, we find the smallest
k such that C1

c(i) + C2
c(i) + · · · + Ck

c(i) > Ci. If no such k
exists, it represents that the corridor capacity between i and
p(i) is large enough to be passed concurrently by the people
from c(i). In other words, there will be no congestion in i
and Ti can be estimated by Case 1. Otherwise, there are two
possibilities as follows:

a) If Dk
c(i) ≤ Ni

Ci
, it implies that there is a high probability

of congestion in i as the people evacuates from c(i) to
i. Ti is modeled by summing the time to evacuate from
i for all people in TG(i) and the time to move from i to
p(i) as follows

Ti =

∑m
j=1 N

j
c(i) +Ni

Ci
+Di.

b) If Dk
c(i) > Ni

Ci
, it implies that some people in sensor

1, 2, . . . , and k− 1 have evacuated from i as the people
in k arrive at i. Ti is modeled by summing the time to
move from k to i, the time to evacuate from i for the
remaining people in TG(i), and the time to move from i
to p(i) as follows

Ti = Dk
c(i) + Tc(i) +Di,

where

Tc(i) =

∑m
j=1 N

j
c(i) −

∑k
j=1 C

j
c(i) × (Dk

c(i) −Dj
c(i))

Ci
.

In the analytical model, we adopt the maximum time
estimated by Case 1 and Case 2 as Ti since Ti is the time to
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Fig. 2: Comparisons of analytical and simulation results.

Fig. 3: Topologies (a)A, (b)B, and (c)C used in the simulation.

evacuate from i for the last person in TG(i), for i = 1, 2, . . . , n.
Thus, the total evacuation time of TG is equal to T1 that can be
obtained by calculating Tn, Tn−1, . . . and T1 in order, where
D1 = 0 and C1 is the exit capacity.

Fig. 2 shows evacuation time comparisons of analytical and
simulation results under 10, 20, . . . , 790, and 800 people. We
deploy 4 × 4 sensors in a 2D grid plane. The exit sensor is
located on the top left corner, and the remaining sensors are
normal sensors. The corridor and exit capacities, the moving
time for each corridor, and the number of people in each
sensor are randomly assigned as the same with Section IV.
We compare the evacuation time estimated by the analytical
model with the simulation ones. In Fig. 2, each simulation
is repeated 100 times and we take the average value. As can
be seen, the simulated and analytical results are quite close,
which justifies the correctness of our derivation.

IV. PERFORMANCE EVALUATION

Fig. 3 shows three topologies used in the simulation and
basic parameters are summarized in Tab. II. We deploy 36
sensors in each topology. There are two exit sensors located
on the corners, and the remaining sensors are normal sensors.
The corridor and exit capacities are randomly selected from 2
to 6 people/second, and the moving time for each corridor is
randomly chosen from 10 to 15 seconds. We first randomly
assign 50% people to all sensors and then randomly select 2
∼ 16 hot-spot sensors for assigning the other 50% people to
them such that hot-spot sensors have many more people to
be guided than the other sensors. All people have the same
speed to escape and they will be delayed at crossing points if

TABLE II: Simulation parameters
Parameter Value
Number of Sensor Nodes 36
Number of Exit Sensors 2
Number of Hot-spot Sensors 2 ∼ 16
Corridor Capacity 2 ∼ 6 people/second
Exit Capacity 2 ∼ 6 people/second
Moving Time of Corridors 10 ∼ 15 seconds

the number of people arriving at the same time is larger than
the corridor/exit capacities. Each simulation is repeated 100
times and we take the average value using a C++ simulator.
We compare our scheme against the Smallest Altitude First
(SAF) method [3], [4] that guides people to the neighboring
sensor with the smallest hop count to an exit and the Fastest
Flow Speed First (FFSF) method [18] that guides people to
the neighboring sensor with the fastest moving speed. Note
that the performance comparisons in topologies A and B are
omitted due to space limitation, which are similar to that in
topology C.

Fig. 4a shows the comparison of total evacuation time
under 50, 60, . . . , 1590, and 1600 people in topology C.
From this figure, we can observe that our scheme has the
shortest evacuation time with all numbers of people. This is
because our scheme takes the corridor capacity and length,
exit capacity, concurrent move, and people distribution into
consideration. So the congestion of certain corridors and exits
can be released to reduce the evacuation time of people. In
particular, we can find that both SAF and FFSF suffer from
the local optimal selection problem that SAF may select an
escape path with the shortest distance to a exit but longer
evacuation time, and FFSF may select an escape path with the
faster moving speed currently but slower later. In particular,
while SAF has the longer evacuation time than FFSF with
more than 800 people, FFSF has the longer one than SAF
with less than 800 people.

Fig. 4b shows the comparison of numbers of people not
escaped every 5 seconds for 9 hot spots under 800 people
in topology C. We can observe that our scheme has the
fastest escaping speed with the much shorter evacuation time
than other schemes. More importantly, while SAF and FFSF
have the low escaping speed due to serious congestions on
corridors/exits, our scheme still can further reduce the total
evacuation time significantly by balancing the evacuation load
of each exit. In particular, using our scheme, there will be
more people able to escape if the building collapses in a short
time (i.e., each exit is blocked before all people escape).

Fig. 4c shows the comparison of total evacuation time under
different numbers of hot-spot sensors in topology C. We can
observe that the evacuation time of our scheme is shorter than
those of SAF and FFSF with all numbers of hot-spot sensors.
Similarly, our scheme can release the congestion of certain
corridors and exits to reduce the evacuation time of people.
On the contrary, both SAF and FFSF may guide people to
local optimal directions with longer evacuation time in total.

V. PROTOTYPE IMPLEMENTATION

We implement a WSN-based prototype, called Load-
balancing Emergency Guiding System (LEGS) [19]. Fig. 5a
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Fig. 4: Comparisons of (a) total evacuation time for 9 hot spots under different numbers of people, (b) numbers of people not
escaped every 5 seconds for 9 hot spots under 800 people, and (c) total evacuation time for different numbers of hot spots
under 1600 people.
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Fig. 5: Prototype and hardware components of LEGS.

shows the front side and back side of the sensor equipped
with a TFT LCD panel controlled by ATmega128 [20], a light
sensor TSL2560 [21], and UI buttons as input devices. The
SAF method [3], [4], the FFSF method [18], and our approach
are implemented in Jennic JN5139 [22].

For the demonstration of indoor people evacuation, we use
a projector to simulate that people escape from an office as
emergences happen, as shown in Fig. 5b and Fig. 5c. The
evacuation simulator is developed by Processing to create
images, animations, and interactions. The light sensor can
be highlighted by a laser pen to trigger an emergency event
and three emergency guiding methods can be selected for
evacuating people to exits. The animation of people evacuation
is shown in the projected screen and the evacuation time is
counted until all people escape from the office. From the
screen, we can compare the evacuation time and guiding
directions of SAF, FFSF, and our approach under different
people distribution.

VI. CONCLUSION

In this paper, we propose an emergency guiding frame-
work, which consists of a load-balancing guiding scheme and
an evacuation-time predicting model. Through the proposed
framework, the congestion of certain corridors and exits can
be released to significantly reduce the total evacuation time,
and people can avoid to follow the local optimal guiding
direction with the longer evacuation time in total. Analytical
and simulation results show that our approach outperforms
existing works by significantly reducing the total evacuation
time. In addition, we implement a prototype to evacuate all
indoor people in the shortest time as emergency events happen.
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